Abstract Activated sludge models, and ASM1 in particular, are well recognised and useful mathematical representations of the macroscopic processes involved in the biological degradation of the pollution carried by wastewater. Nevertheless, the use of these models through simulation software requires a careful methodology for their calibration (determination of the model parameters' values) and the validation step (verification with an independent data set). This paper presents the methodology and the results of dynamic calibration and validation tasks as a prior work to a modelling project for defining a reference guideline destined to French designers and operators. To reach these goals, a biological nutrient removal (BNR) wastewater treatment plant (WWTP) with intermittent aeration was selected and monitored for 2 years. Two sets of calibrated parameters are given and discussed. The results of the long-term validation task are presented through a 2-month simulation with lots of operation changes. Finally, it is concluded that, even if calibrating ASM1 with a high degree of confidence with a single set of parameters was not possible, the results of the calibration are sufficient to obtain satisfactory results over long-term dynamic simulation. However, simulating long periods reveals specific calibration issues such as the variation of the nitrification capacity due to external events.
Introduction
The modelling task presented in this paper is part of a broader project that aims at defining a reference guideline for French BNR WWTP designers and operators. This step of the project consists of calibrating and validating modelling tools that will be used for prospective scenarios. One of the main interests of this study was to assess the ability of the selected model (ASM1; Henze et al., 1987) and the simulation software (GPS-X, Hyrdomantis, Inc.) to reproduce long periods of real functioning and performance at a municipal WWTP. Therefore, a full-scale plant was selected for its typical process of French BNR WWTP, with an intermittently aerated system. A 2-year monitoring was carried out and designed toward the modelling goals: defining a reference calibration of ASM1 and methodology development for validation over long simulation periods.
Material and methods

Monitoring of the wastewater treatment plant
The WWTP selected for the study is an activated sludge BNR plant located in south-west France. It was designed for 20,000 PE and it is fed by a separate sewer collecting sewage from residential areas and a service sector zone. This plant is operated at a very long sludge retention time (SRT .40 d). It is designed for nitrification/denitrification with intermittent aeration and for biological/chemical phosphorus removal through an anaerobic zone and dosing of ferric chloride. The sampling and measurements focused on one of the two trains. This ). Figure 1 shows the layout of this biological train. Two types of monitoring were applied during the 2 years of the study. The first type, referred to as "long-term monitoring", consisted of continuous logging of the operational parameters of the plant and regular sampling to monitor the plant loading and removal performance. The second type of monitoring is referred to as "short campaigns" of intensive sample collection. Both methodologies were designed to fulfill the modelling information needs: the first one was dedicated to the validation step, whereas the second corresponds to the calibration procedure.
For the long-term monitoring, an additional set of sensors and data loggers was installed independently from the plant's equipment. They recorded flow rates (in, out and wastage), operating of devices (on and off times of pumps and blowers), and parameters in the intermittently aerated tank (pH, DO, MLSS, temperature). The height of the sludge blanket in the clarifier was also continuously logged. In parallel, the regular sampling allowed the assessment of loading and performance of the plant. The influent was characterised once to twice a month by flow-proportional 24 h composite samples. They were analysed for total suspended solids (TSS), carbonaceous, nitrogen and phosphorus loads. The efficiency of the plant was evaluated with daily effluent composite samples for NH 4 þ -N and NO x -N analysis, and bi-monthly chemical or respirometric measurements of the maximum nitrification rate, expressed as nitrate production rate (NPRmax). The TSS concentration gradient in the clarifier and the diluted sludge volume index (dSVI) were measured monthly, and a regular microscopic observation of the sludge was performed.
Beside the measured and logged data, extensive information has also been extracted from the plant's operation records. These include manual records kept by the operator and data logged by the supervisory control and the data acquisition (SCADA) system. The first one contained information such as masses and dry content of dewatered wasted sludge, concentrations of activated sludge and effluent grab samples, and mechanical and electrical failures. The second one contained on and off times of devices, which were used to supplement our own data.
The intensive campaigns were based on a specific protocol designed to obtain a strong response in the plant for the calibration of activated sludge models. The intermittent aeration was controlled manually to obtain amplified profiles of nitrogen concentrations as NH 4 þ -N and NO x -N ( Figure 3 ). Prior information on the NPRmax and the load profile over the day were used in simplified simulations to optimise the timing of the aerobic and anoxic periods and the grab sampling frequency. In this study, the campaigns lasted 8 h covering three on/off aeration periods. Grab samples collected in the activated sludge tanks were immediately centrifuged and filtered to stop the reactions. Two-hour influent and effluent composite samples were collected by automatic samplers. All samples were analysed for nitrogen (TKN, NH 4 þ -N and NO x -N). Some were also analysed for TSS, carbonaceous and phosphorus parameters. COD and TKN were analysed on raw and filtered samples (at 0.45 or 0.1 mm) in order to differentiate soluble and particulate fractions. In parallel to these calibration campaigns, the influent was characterised with COD fractionation protocols. Three methodologies were applied: (1) a batch test method evaluated the biodegradability of the samples over 4 weeks (Stricker, 2000) , (2) the respirometric method analysed the response of high and low S 0 /X 0 (substrate/biomass ratio) mixtures of sludge and influent (Sperandio and Paul, 2000) , (3) the coagulation-flocculation-filtration method gave rapid information on the soluble and particulate fractions (Naidoo et al., 1998) .
Building a layout and calibration/validation of the activated sludge and settling models Building a layout. The simulation software used was GPS-X 4.1. An important feature is the accessibility to the simulation code. This allows the creation of new variables, to modify the models and to add user-defined controls. In this project the preliminary treatment was not considered. For all biological units (selector, anaerobic zone and aeration tank) the ASM1 model was chosen for its ability to reproduce the processes of interest of this project (especially nitrification and denitrification). It was, however, modified by the addition of soluble inert nitrogen (Sni) and the introduction of aerobic and anoxic heterotrophic yield coefficients.
The selected one-dimensional settling model (Takacs et al., 1991) divides the clarifier in ten horizontal layers. The ASM1 model was applied in each of those layers in order to evaluate the potential effects of biological reactions (mainly hydrolysis and denitrification) on effluent quality. It proved to be especially important when the plant encountered heavy disturbances such as rain events and recycle pump break-downs.
Since the chemical removal of phosphorus has a significant impact on the VSS ratio and the production rate of the sludge, the degassing well, located between the aeration tank and the clarifier, was chosen for representing the injection and mixing tank for ferric chloride in the layout. An empirical chemical dosage model was used to calculate the mass of inert suspended solids (ISS) generated as iron precipitates. The ISS yield was estimated to be 2.2 kgISS/kgFe.
Initialisations for calibrating the model. In this study, a specific calibration method has been developed. It includes several steps that must be iterated (Figure 2 ). The first stage consists of a steady state simulation based on the average load and performance of the plant. This simulation is followed by a 30-d "pseudo" steady state simulation that integrates intermittent aeration cycles and a diurnal pattern on typical influent characteristics. This allows the representation of the alternation of aerobic and anoxic periods. The main goal of this phase is to estimate the autotrophic biomass concentration under the given operating conditions (loading, aeration, temperature, wastage).
The following "basic" dynamic simulation (30 d) is designed to reach initialisation status for the calibration campaign based on actual data from the WWTP. It is defined as "basic" since it can be done with a reduced set of information (flows, MLSS concentrations, temperature and some effluent analysis). Of course, additional information would give a more accurate initialization point, but it would also turn this phase into a validation period. Moreover, some of the results at t ¼ 60 d of the dynamic simulation are overwritten by the actual values measured at the beginning of the simulation campaign (especially for nitrogen concentration in the tanks). If information is available about the sludge blanket mass and height, the "basic" dynamic phase can be an opportunity to calibrate the settling model as well.
Calibration protocol. The literature already provides several reviews for calibrating activated sludge models (Hulsbeek et al., 2002; Petersen et al., 2003; Vanrolleghem et al., 2003 ; Methods for wastewater characterization in activated sludge modeling, 2003). Nevertheless the "intensive sampling campaigns" applied in this study were noticeably different from the ones proposed in the literature since they were specific to intermittent aeration. Consequently the modelling task focused mainly on the nitrogen concentration profiles in the aeration tank. Figure 3 shows an example of the measured and simulated concentrations of NO x -N and NH 4 þ -N in this tank. Table 1 relates the information that can be extracted from those curves. This table does not include the information from in and out composite samples.
The influent concentration is a necessary input information, while the effluent concentrations are used for checking the calibration in the aeration tank and the biological activity in the clarifier. Moreover, they enable the assessment of the load and the treatment efficiency and to estimate the oxygen demand. Hence, it gives more independence between parameters (between growth rates and biomass concentrations in particular) and it allows a better understanding of processes such as ammonification or hydrolysis. Assessing the maximal nitrate production rate prior to the campaign also gave additional information since it allowed the estimate of m A and X BA to be refined by getting rid of half saturation parameters. Decay rates do not appear in Table 1 since the duration of the campaign is too short to consider decay as a significant process. Nevertheless, they are absolutely not negligible for a calibration task, since they have a heavy influence on biomass concentration and applicable sludge retention time in future simulation scenarios. The decay coefficient of autotrophic biomass under aerobic conditions was estimated twice through respirometric batch tests. The procedure consists of monitoring the decline of nitrification capacity of a sludge sample in endogenous conditions for 5 d (Dold, 2002) . The two tests gave consistent results for the studied WWTP.
The representation of the denitrification process in ASM1 may not lead to the actual denitrification capacity. One reason is that the same heterotrophic yield is used for aerobic and anoxic growth, while it has been shown that it is lower in anoxic conditions (Muller et al., 2003) . Another factor affecting the effluent NOx-N concentration is the biological activity in the clarifier, especially if it contains a significant part of the total sludge (15-30% in this study). Applying ASM1 in the layers of the clarifier allowed the effluent NOx-N to be reduced by 2 mg L 21 on average.
Validation protocol. In the present study, the validation step was carried out with "long-term simulation" objectives, such as assessing the ability of the model and the simulation software to reproduce real effects of rain events, operational changes and inhibition occurrences. This task was segmented into monthly periods where the results of the closest calibration campaign were applied. For each month, six priority parameters were checked for validation, namely: the MLSS concentration in the aeration tank, the sludge blanket height in the clarifier (SBH), the NPRmax, the specific NPR (NPRsp mgN/h.gVSS), the oxygen presence time in the aeration tank (O 2 PT), and the nitrogen concentrations in the effluent (N out ). Figure 4 can be seen as a single unit of a broader scheme that connects series of units according to the priority between the checked parameters. Figure 5 presents an application of this strategy to the present study. For simplification, this diagram does not show all possible influence factors and all modifiable parameters. However, this diagram is case specific and must be adapted to the studied process. In Figure 5 , it corresponds to an intermittent aeration system where extensive information on nitrification is available.
Results and discussion
Calibration
Over the 2-year study, four calibration campaigns were carried out at different seasons. In the winter time the WWTP encountered nitrification inhibitions, which have made the calibration task more difficult. Consequently, Table 2 shows the calibrated parameters obtained from two campaigns performed in June at 1-year intervals. The most important remarks are as follow. † In both cases, many half-saturation parameters are much lower than the ASM1 default values. Half-saturation parameters can be interpreted as the ability of the biomass to access their substrate at low concentration, but also as a compensation parameter for actual dead zones where concentrations of soluble and particulate components differ from the well mixed zone. At this plant, either the very low volumetric and F/M loading rates (0.076 kgTKN m 23 , 0.03 kgBOD5 kgMLVSS 21 d 21 ) resulted in the selection of biomass with high affinity for substrate, and/or the mixing of the tanks is good enough to avoid dead zones. † The same calibration procedure was performed twice at the same season but did not lead to the same results for the two years. Besides uncertainty, most of the difference reflects real changes, such as fluctuation of nitrification capacity. The causes are related to changes in operation (aeration and wastage strategies) and in environmental factors (flows, inhibitors, etc. three and four), cold temperatures (13 8C, the lowest at this WWTP), operation changes in the aeration control ( Figure 7 ) and loss of nitrification capacity (Figures 8 and 9 ). The results are rather satisfactory. The best fit was reached when applying the protocol suggested in Figure 5 . The calibrated values of the second campaign were used (Table 2) , except for m A which was adjusted to fit the six NPRmax tests that were carried out during this period. The daily aerobic time in the aeration tank was adjusted by reducing the load factor for the weekends (70%). This finally led to a good representation of the nitrogen concentration in the effluent (see Figure 8) .
The results presented in Figures 6-8 validate the ability of ASM1 and the simulation software to represent well dynamic and long term operation of a BNR WWTP. For instance, the rain events that push the sludge out of the aeration tank and dilute the concentration of the effluent are well simulated (see days three and four on Figures 6 and 8) . Nevertheless, changing m A (for the six NPRmax tests) might be an artifact for the representation of inhibition that affects other parameters, such as the decay rate (b A ) and the access to substrate of the autotrophic biomass.
Conclusion
A 2-year full-scale study was carried out at a nitrifying/denitrifying BNR WWTP with intermittent aeration. This type of aeration has allowed the development of a specific calibration protocol based on intensive 8-h sampling campaigns covering several on-off aeration cycles. Even if general trends were observed, the values of some calibrated parameters differed between campaigns. For the autotrophic growth rate m A this mostly reflects instability of nitrification activity, attributed to inhibition.
Parallel processed data from the long term monitoring of the plant were used for both validation of the calibration and development of protocol for long-term simulation. The results confirmed the ability of ASM1 to reproduce very dynamic events. Nevertheless, to get to this point numerous adjustments and data reconciliation were necessary. This was made possible by the exceptional amount and quality of data collected.
This was the third and biggest on-site calibration project at Cemagref Institute. From this experience, expertise and confidence in the use of simulation has been accumulated. A new set of "default" parameter values, along with their variation intervals, will be defined for typical French WWTPs, characterised by intermittent aeration and long SRT. From now on, the project will focus on the actual application of simulation as a prediction tool. It will be used for process analysis of real cases and of simplified scenarios, to enhance understanding of the process dynamics and improve design and operation guidelines. 
